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Abstract
The leading contributions to the electron (or muon) electric dipole moment due to
CP violation in the charged Higgs sector are at the two–loop level. A careful model-
independent analysis of the heavy fermion contribution is provided. We also consider
some specific scenarios to demonstrate how charged Higgs sector CP violation can
naturally give rise to large electric dipole moments. Numerical results show that the
electron electric dipole moment in such models can lie at the experimentally accessible
level.
PACS numbers: 13.40.Fn, 11.30.Er, 12.15.Cc, 14.80.Dq
Introduction
Experiment has established that neither parity (P) nor charge conjugation (C) are un-
broken symmetries. Kaon physics show that CP also fails to be an exact symmetry. The
CPT theorem then implies that time-reversal (T) is broken as well, leading to expectation
of a T-odd electric dipole moment (EDM) for one or more of the elementary particles. The
Standard Model (SM) of electroweak interactions explains CP violation in the K−K¯ system
as the result of a single complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
It also predicts an electron EDM de of about 8× 10−41e · cm [1] and a muon EDM of about
2× 10−38e · cm, while the neutron EDM (calculated from the up and down quark EDMs) is
estimated [2] to be less than 10−31e · cm, The experimental limits (given at 95% C.L.) are
several orders of magnitude above these predictions, with the limit on the electron EDM
|de| < 6.2× 10−27e · cm [3]. The limit on dµ is even further removed from the SM prediction,
with |dµ| < 1.1 × 10−18e · cm [4], although there is a proposal to measure the muon EDM
down to 10−24 e·cm [5]. The neutron EDM limit is |dn| < 11 × 10−26e · cm [6]. Clearly,
measurement of a non-zero electron, muon, or neutron EDM close to current or proposed
limits would point to physics beyond the Standard Model.
New sources of CP violation can come from complex couplings or vacuum expectation
values (VEV) associated with the Higgs boson sector. A significant EDM for elementary
fermions can be generated if CP violation is mediated by neutral Higgs-boson exchange [7, 8,
9, 10, 11]. Dominant contributions come from one-loop or two-loop diagrams. The one-loop
terms are proportional to (m/v)3 (with one factor of m/v due to an internal mass insertion),
while the two-loop terms are proportional[9] to m/v, with m being the fermion mass and
v = 246 GeV the vacuum expectation value of the SM Higgs field. The one-loop contributions
are thus strongly suppressed relative to the two-loop terms, by a factor of (m/v)2. Exhaustive
studies[10, 12] have been carried out at the two loop level on the electron EDM generated
by CP violation in the neutral Higgs-boson sector. The contributions containing a heavy
fermion or gauge boson loop were considered[10] and, within an SU(2) × U(1) theory, are
more or less model-independent. Additional, relatively more model-dependent, contributions
involving a physical charged Higgs-boson loop (with a CP violating charged-Higgs-neutral-
Higgs coupling) have been considered in Ref.[12]. On the other hand, the corresponding
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contribution to de due solely to CP violation in charged Higgs sector has not been studied
in the literature, even though this category of CP violating mechanism has been emphasized
for other phenomenological effects such as top quark decay[13], the neutron electric dipole
moment[14, 15], and Γ(b→ sγ)[16].
With charged Higgs sector CP violation involving fermions, the one-loop contribution is
suppressed as in the neutral Higgs case but suffers an additional factor of mν/me, where
mν is the mass of the electron neutrino. If no right-handed neutrino exists, or the neutrino
is massless, the two-loop diagrams are unequivocally the leading contribution. It is also
important to note that the recent measurement of the decay rate of b → sγ by the CLEO
collaboration [17] stringently constrains[18] the mass of the H± only in the 2HDM II. The
constraint is easily evaded in 2HDM III[16, 19, 20] and other extensions.
In this letter, we make a model-independent study of the two–loop contribution to de and
dµ from charged Higgs exchange between fermions. Useful formulas are given. We discuss
specific models to see how this type of CP nonconservation can arise. Numerical results
show the electron electric dipole moment can naturally lie within reach of experiment. We
also present results for the corresponding contributions to dn.
General Formalism
We first comment on the model-independence of our analysis, which considers only those
graphs that involve CP violation from charged Higgs exchange between fermions. There
are other possibilities, such as quartic charged Higgs vertices involving three or four dis-
tinct charged Higgs bosons with complex coupling, but these are strongly dependent on
model details and less amenable to model-independent parameterization. Secondly, one may
have several charged Higgs bosons, but barring significant degeneracy, cancellation among
contributions from the various charged Higgs should be mild. For simplicity we only con-
sider contributions from the lightest charged Higgs. We shall ignore model dependent neutral
Higgs sector CP violation contributions and CP violation involving both neutral and charged
Higgs boson, as our concern here is with exclusively charged Higgs sector CP violation ef-
fects. We shall also omit terms where the neutral Higgs bosons participate only incidentally,
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serving as a leg of an internal loop but not contributing a CP phase. We expect that these
(perhaps non-negligible) contributions should not strongly cancel with the part studied here;
thus our analysis should furnish a reasonable lower limit to de for general theories with CP
violating charged Higgs exchange between fermions.
We parametrize the charged Higgs sector CP violation as follows:
L = g√
2
(
mtct
MW
t¯RbLH
+ +
mece
MW
ν¯LeRH
+ + t¯Lγ
αbLW
+
α + ν¯Lγ
αeLW
+
α
)
−mee¯LeR −mtt¯LtR +H.c. (1)
Note that in our model-independent analysis, one needs not specify the origin of the CP
violation (e.g., explicit or spontaneous CP violation).
We only illustrate the most important contribution from the top-bottom generation; our
study can easily be generalized to the three generations case. The bottom quark mass mb is
also set to zero. The complex mixing parameters ct and ce signal deviations from the 2HDM
II. If ctc
∗
e has a non-zero imaginary part, the phase is intrinsic to the lagrangian and cannot
be rotated away by redefinition of any or all of the fields in Eq.(1).
The two-loop charged Higgs contribution involves Feynman diagrams such as the one
shown in Fig. 1. We first present a simple expression for the one-loop sub-diagram
with fermion in the loop, that is, the truncated three-point Green’s function Γµν =
〈0|[H−(p)Aµ(k)W+ν(−q)]+|0〉. We note that Γµν is the off-shell extension of the ampli-
tude (and Feynman diagrams) for H− → W−γ given in Ref.[21], and that both Γµν and its
charge conjugate contribute to de. We consider only the (gauge-invariant) set of terms in
Γµν involving CP violation from charged Higgs exchange between fermions.
We have verified that our results are gauge-independent, but the calculation simplifies
greatly in the non-linear Rξ gauge[26]. Since the EDM is defined in the soft photon limit,
only the leading term in k is kept. We also work to lowest order in (me/MW ), to which
approximation the separation of the calculation into Γµν and its insertion in the full two-
loop graph is gauge-invariant. We thus obtain:
Γµν =
3eg2
16pi2
ct
MW
[(gµνq · k − qµkν)S + iP εµναβpαqβ] , (2)
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S =
∫ 1
0
qt(1− y)2 + qby(1− y)
1− yq2/m2t
dy , P =
∫ 1
0
qt(1− y) + qby
1− yq2/m2t
dy , (3)
and the quark charges are denoted qt, qb. The above vertex is further connected to the lepton
propagator to produce EDM (see Fig. 1).
de =
(
3eg2
32pi2
)(
g2
32pi2MW
)(
me
MW
)
Im(c∗t ce) (qtFt + qbFb) . (4)
Here the form factors Fα for α = t, b are given by
Fα =
∫ ∞
0
∫ 1
0
m2t fα(2− y) dy Q2dQ2
(M2H+ +Q
2)(m2t + yQ2)(M
2
W +Q
2)
; ft = (1− y) , fb = y . (5)
The integrations can be carried through analytically,
T (z) =
1− 3z
z2
pi2
6
−
(
1
z
− 5
2
)
ln z − 1
z
−
(
2− 1
z
)(
1− 1
z
)
Sp(1− z) , (6)
B(z) =
1
z
+
2z − 1
z2
pi2
6
+
(
3
2
− 1
z
)
ln z −
(
2− 1
z
)
1
z
Sp(1− z) , (7)
Ft =
T (zH)− T (zW )
zH − zW , Fb =
B(zH)−B(zW )
zH − zW , (8)
with zH = M
2
H+/m
2
t and zW = M
2
W/m
2
t , and the Spence function is defined by Sp(z) =
− ∫ z0 t−1ln(1− t)dt with the normalization Sp(1) = pi2/6.
Models
To illustrate how easily this mechanism can give rise to a measurable electron EDM,
we consider some specific models. We first note that the charged Higgs contribution to de
vanishes to two loops in the much-studied simple extension of the Standard Model — the two
Higgs-doublet Model (2HDM)[22], with the softly broken discrete symmetry[23] imposed to
enforce natural flavor conservation (NFC). At one loop level single charged Higgs exchange
between fermions does not violate CP[8]. As for the two loop contribution, setting the scalar
doublets φi = (φ
+
i , φ
0
i ), i = 1, 2 to have purely real VEVs 〈φ0i 〉0 = vi, in the unitary gauge the
charged Higgs propagators 〈φ+1 φ+†2 〉0, 〈φ+1 φ+†1 〉0, 〈φ+2 φ+†2 〉0 are purely real[7, 8]. Ignoring the
CKM matrix, the only[8] complex coupling and thus CP phase in the lagrangian involving
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the charged Higgs appears in Re[h(φ†1φ2 − v1v2)2]; thus charged Higgs CP violation in this
model necessarily also involves the pseudoscalar neutral Higgs.
There are, however, several other simple models which can easily contain sufficient CP
violation to produce an electron EDM at an observable level, through exchange of a charged
Higgs boson between fermions.
2HDM III.
In Model III with two Higgs doublets[24, 19], we can choose a basis so that 〈φ0〉 = v√
2
and 〈φ′0〉 = 0. Then φ mimics the SM Higgs, and φ′ produces new physics beyond the SM;
the physical charged Higgs H+ is just φ′+. The Yukawa Lagrangian for Model III is
−LY = ηUijQ¯iLφ˜UjR + ηDij Q¯iLφDjR + ξUijQ¯iLφ˜′UjR + ξDij Q¯iLφ′DjR (9)
+ηEij L¯iLφEjR + ξ
E
ij L¯iLφ
′EjR +H.c.
Here i, j are generation indices. Coupling matrices η and ξ are, in general, non-diagonal.
QiL and LiL are the left-handed SU(2) doublets for quarks and leptons. UjR, DjR, and ER
are the right-handed SU(2) singlets for up-type and down-type quarks and charged leptons
respectively. 〈φ〉 generates all fermion mass matrices which are diagonalized by bi-unitary
transformations, e.g. MU = diag(mu, mc, mt) =
v√
2
(LU)†ηU(RU). In terms of the mass
eigenstates U , D, E, and N(neutrinos), the relevant charged Higgs interaction is given by
LH+ = −H+U¯
[
VKMξˆ
D 1
2
(1 + γ5)− ξˆU†VKM12(1− γ5)
]
D −H+N¯ ξˆE 1
2
(1 + γ5)E +H.c. , (10)
with the CKM matrix VCKM = (LU)†(LD), and ξˆP = (LP )†ξP (RP ) (for P = U,D,E).
Tree-level flavor changing neutral currents (FCNC) are implied by non-zero off-diagonal
elements of the matrices ξˆU,D,E. We adopt the simple ansatz[24] ξˆU,D,Eij = λijg
√
mimj/(
√
2MW ) .
The mass hierarchy ensures that FCNC within the first two generations are naturally sup-
pressed by small quark masses, while a larger freedom is allowed for FCNC involving the
third generations. Here λij can be O(1) and complex. CP is already not a symmetry even
if we restrict our attention to the flavor conserving diagonal entries of λii. We consider only
the third generation quark contribution and set (VCKM)tb = 1. The parameters ct and ce in
Eq.(1) are given as, ce = −λee , ct = λ∗tt . While λtt cannot be significantly larger than
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O(1) without producing strong coupling to the top quark, clearly λee can be much larger
than O(1) so that Im(c∗t ce)≫ 1 is quite allowed.
3HDM.
Charged Higgs sector CP violation can occur in the three Higgs doublet model[25, 15].
The first two doublets φ1 and φ2 are responsible for the masses of the b–like quarks and the
t–like quarks respectively. The charged leptons e, µ and τ only couple to φ1. The last doublet
φ3 does not couple to the known fermions. This assignment naturally preserves NFC. The
mass eigenstates H+1 and H
+
2 together with the unphysical charged Goldstone boson H
+
3 are
linear combinations of φ+i : φ
+
i =
∑3
j=1UijH
+
j (i = 1, 2, 3). As with the CKM matrix for
three quark generations in the SM, the mixing amplitude Uij matrix generally contains a
single non-zero complex phase, which gives rise to CP nonconservation through the Yukawa
couplings, ct = U2i(v/v2), ce = U1i(v/v1). In the approximation that the lightest Higgs
dominates, the index i refers to the lightest charged Higgs. As with the 2HDM III, Im(c∗t ce)
can be much larger than one — which occurs here if v1 ≪ v2 (the possibility v2 ≪ v1 is
constrained by maintaining perturbative coupling to the top quark).
Discussion
We have analyzed the heavy fermion contribution to the electron EDM due to CP viola-
tion in the charged Higgs sector. From the general structure of the typical models discussed
above, we have shown that the relevant CP violating parameter Im(c∗t ce) can be of order
one or larger. In Fig. 2, we show the dependence of the electron EDM on MH+ for the case
Im(c∗t ce) = 1. The size of de is naturally around 10
−26 e·cm, around the current limit. As
noted above, in any specific model there may be other contributions to de, but in the ab-
sence of accidental strong cancellation, we expect that the results presented here reasonably
estimate a lower limit on de which applies to a very wide class of CP violating models. In
such case, Fig. 2 may be used, for example, to rule out mH+ > 200GeV for Im(c
∗
t ce) ≥ 1.
The muon EDM can be easily obtained by the replacements me → mµ and Im(c∗t ce) →
Im(c∗t cµ). In this case, the analogous case of Im(c
∗
t cµ) = 1 would lead to an observable muon
EDM, assuming the proposed future sensitivity down to dµ = 10
−24 e·cm.
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Finally, we can carry over the calculation for de to estimate contributes to dn, us-
ing SU(6) relations [27]: dn =
1
3
(4dd − du), where we obtain the down and up quark
EDMs with replacements as made for dµ, but with an additional factor ηq multiplying
both dd and du coming from QCD evolution of the quark mass and the quark EDM [28]:
ηq = q(mt, mb)
16/23q(mb, mc)
16/25q(mc, µ)
16/27, with q(ma, mb) = αs(m
2
a)/αs(m
2
b). There are
sizable uncertainties coming from the quark masses and the extraction of dn from dd and du,
but the resulting neutron EDM should be dn ≈ 10−27 (md/me)Im(c∗t cd) e · cm for mH+ ≈ 100
GeV (ignoring the up quark contribution). This contribution would reach the observable
limit for Im(c∗t cd) > 6. In contrast to the case of de or dµ, there is a sizable contribution from
the charged Higgs boson through the three-gluon operator [14, 29]. The relative magnitudes
are highly model-dependent: in 2HDM III, the three-gluon operator may vanish even while
the two-loop contributions presented here are non-zero, if ct is purely real but ce remains
complex. In the 3HDM, however, the two contributions to dn are either both zero or both
non-zero. In any case, barring strong cancellations, our result places a limit of mH+ > 100
GeV for Im(c∗t cd) = 6.
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by a grant from the National Science Council of R.O.C. We also wish to thank I. Phillips,
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Figures
Fig. 1. A typical two-loop Feynman diagram for the electron EDM due to charged Higgs sector
CP violation. The other diagrams for the one-loop subgraphH− → W−γ may be found
in Ref.[21].
Fig. 2. Model-independent contributions to de versus MH+ for Im(c
∗
t ce) = 1/2, 1. The hori-
zontal line denotes the current experimental limit.
References
8
[1] D. Chang, W.–Y. Keung, and J. Liu Nucl. Phys. B355 295 (1991);
I.B. Khriplovich and M. Pospelov, Sov. J. Nucl. Phys. 53, 638 (1991);
M. Booth, University of Chicago Report, EFI-93-01, (1993), hep-ph/9301293.
[2] E. P. Shabalin, Usp. Fiz. Nauk 139, 553 (1993) [Sov. Phys. Usp. 26, 297 (1983)].
B. H. J. McKellar, S. R. Choudhury, X.-G. He, and S. Pakvasa, Phys. Lett. B197, 556
(1987), and references therein.
[3] E. Commins et al., Phys. Rev. A 50, 2960 (1994);
K. Abdullah et al., Phys. Rev. Lett. 65, 2347 (1990).
[4] J. Bailey et al., J. Phys. G4, 345 (1978);
J. Bailey et al., Nucl. Phys. B150, 1 (1979).
[5] Y. Semertzidis et al., AGS Letter of Intent-Search for an Electric Dipole Moment of
Muon at the 10−24 level, submitted to the Program Advisory Committee at BNL (1997).
[6] I.S. Altarev et al., Phys. Lett. B 276, 242 (1992);
K.F. Smith et al., Phys. Lett. B 234, 191 (1990).
[7] S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989).
[8] S. Weinberg, Phys. Rev. D 42, 860 (1990).
[9] S. Barr and A. Zee, Phys. Rev. Lett. 65, 21 (1990); and (E)-ibid. 65, 2920 (1990).
[10] R.G. Leigh, S. Paban and R.-M. Xu, Nucl. Phys. B352, 45 (1991);
J. Gunion and R. Vega, Phys. Lett. B251, 157 (1990);
D. Chang, W.-Y. Keung and T.C. Yuan, Phys. Rev. D 43, 14 (1991).
[11] V. Barger, A. Das, and Chung Kao, hep-ph/9611344.
[12] C. Kao and R.-M. Xu, Phys. Lett. B 296, 435 (1992).
[13] R. Cruz, B. Grzadkowski, J.F. Gunion, Phys. Lett. B 289, 440 (1992).
9
[14] G. Boyd, A. Gupta, S. Trivedi, and M. Wise, Phys. Lett. B241, 584 (1990);
D. Chang, W.–Y. Keung, C.S. Li and T.C. Yuan, Phys. Lett. 241 589, (1990); see also
D. Dicus, Phys. Rev. D41, 999 (1990).
[15] N. G. Deshpande and E. Ma, Phys. Rev. D 16, 1583 (1977).
[16] P. Krawczyk and S. Pokorski, Nucl. Phys. B364, 10 (1991);
Wolfenstein and Y.L. Wu, Phys. Rev. Lett. 73, 2809 (1994).
[17] CLEO Collaboration, M.S. Alam et al., Phys. Rev. Lett. 74, 2885 (1995).
[18] R.G. Ellis, G.C. Joshi, M. Matsuda, Phys. Lett. B 179, 119 (1986);
T. Rizzo, Phys. Rev. D 38, 820 (1988);
B. Grinstein and M. Wise, Phys. Lett. B 201, 274 (1988);
W.-S. Hou and R. Wiley, Phys. Lett. B 202, 591 (1988);
C.-Q. Geng and J. Ng, Phys. Rev. D 38, 2858 (1988);
V. Barger, J.L. Hewett and R.J.N. Phillips, Phys. Rev. D 41, 3421 (1990).
[19] G.C. Branco and M.N. Rebelo, Phys. Lett. B 160, 117 (1985);
J. Liu and L. Wolfenstein, Nucl. Phys. B289, 1 (1987).
[20] D. Bowser-Chao, K. Cheung, and W.-Y. Keung, in preparation.
[21] S. Raychaudhuri and A. Raychaudhuri, Phys. Lett. B 297, 159 (1992).
[22] J.F. Donoghue and L.-F. Li, Phys. Rev. D 19, 945 (1979);
L. Hall and M. Wise, Nucl. Phys. B187, 397 (1981).
[23] S.L. Glashow and S. Weinberg, Phys. Rev. D 15, 1958 (1977).
[24] T.P. Cheng and M. Sher, Phys. Rev. D 35, 3484 (1987);
W.S. Hou, Phys. Lett. B296, 179 (1992);
L.J. Hall and S. Weinberg, Phys. Rev. D 48, R979 (1993);
D. Chang, W.S. Hou, and W.–Y. Keung, Phys. Rev. D 48, 217 (1993);
A. Das and C. Kao, Phys. Lett. B 296, 435 (1996);
D. Atwood, L. Reina, A. Soni, Phys. Rev. D 55, 3156 (1997).
10
[25] S. Weinberg, Phys. Rev. Lett. 37, 657 (1976);
G. Branco, Phys. Rev. Lett. 44, 504 (1980).
[26] K. Fujikawa, Phys. Rev. D 7, 393 (1973);
M.B. Gavela, G. Girardi, and C. Sorba, Nucl. Phys. B193, 257 (1981);
J.C. Roma˜o and A. Barroso, Phys. Rev. D 35, 2836 (1987).
[27] X.-G. He, B. H. J. McKellar, and S. Pakvasa, Int. J. Mod. Phys. A4, 5011 (1989);
D. Chang, in “The Standard Model and Beyond”, Proceedings of the Ninth Symposium
on Theoretical Physics, edited by J. E. Kim, World Scientific Co., Singapore, 1991.
[28] J. Polchinski and M. B. Wise, Phys. Lett. B125 393 (1983).
[29] Y. Grossman, Y. Nir, R. Rattazzi, to appear in the Review Volume “Heavy Flavours
II”, eds. A..J. Buras and M. Lindner, Advanced Series on Directions in High Energy
Physics, World Scientific Publishing Co., Singapore, hep-ph/9701231.
11
e ν e
W- (q, ν)H-(p)
b b
γ  (k, µ)
t
Γµν

